INTRODUCTION
The vertical distributions of copepods have often been observed to follow the distribution of their food (Paffenhöfer 1983 , Mackas et al. 1993 , Richardson et al. 1998 . A 'match' between copepods and their prey is important for an efficient transfer of primary productivity to higher trophic levels in the pelagic food web, while a 'mismatch' eventually leads a to greater vertical flux out of the euphotic zone. However, depth optimization by copepods is a compromise between feeding, predator avoidance, turbulence conditions and energy expenditure and the optimum depth will therefore differ between copepod species with different survival and feeding strategies (Ohman 1988) . Diel vertical migration patterns have been observed for several copepod species and are believed to be predation avoidance mechanisms (Lampert 1993) . In general, copepods stay in the productive and warm surface layers to feed during night-time and then descend to deeper layers to avoid visual predators during the day. However, the lower temperatures and food availability in the deeper layers reduces feeding, growth and fecundity (Aksnes & Giske 1990) . There seems to be a high variability in this behaviour between copepod species, life stages, and seasons (Båmstedt 2000 , Irigoien et al. 2004 .
Turbulence also appears to be a factor in controlling the vertical distribution of copepods (Mackas et al. 1993 , Lagadeuc et al. 1997 , Incze et al. 2001 ABSTRACT: The small copepods Oithona similis and Microsetella norwegica are often numerically abundant and widely distributed, but the factors controlling their vertical distributions and role in carbon cycling are yet unknown. Here we examined the vertical distributions of copepods during spring and summer in the Skagerrak and during autumn in the North Sea with respect to different physiochemical factors including turbulent dissipation rate. The ambush feeder O. similis numerically dominated the copepod community; they were located in the layers with high microzooplankton abundance. M. norwegica were dominant in the Skagerrak and were observed within or just below the pycnocline; they are assumed to feed on sinking detrital aggregates. Both copepods use remote detection of either hydromechanical (O. similis) or chemical signals (M. norwegica) generated by the prey and both species migrated to deeper depths in response to elevated surface turbulence. The potential effect of turbulence on both types of feeding is theoretically shown to be negative and we suggest a turbulent dissipation rate in the range 10 -7 to 10 -6 m 2 s -3 as a threshold triggering the observed avoidance responses.
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Resale or republication not permitted without written consent of the publisher al. 2001) . Whether this is an active response to turbulence or a passive redistribution due to turbulent mixing is not fully resolved but some observations ) and theoretical considerations (Franks 2001) suggest that in some cases it is due to active avoidance of high turbulence levels in the surface. In order to gain a mechanistic understanding of active turbulence avoidance behaviour, we tested the hypothesis that the influence of turbulence on copepod distributions depends on their feeding strategy.
Encounter rates between copepods and their prey increase with turbulence (Rothschild & Osborn 1988) and hence increase copepod feeding during food limitation (Saiz et al. 1992) . There is, however, a down side to turbulence in copepod feeding success. Very high turbulence levels for instance, can interfere with remote hydromechanical detection of prey . Likewise, copepods generating a feeding current will be affected by turbulence at levels that erode their feeding currents . Finally, for cruising predators using remote chemical detection of plumes behind sinking aggregates or faecal pellets, increasing turbulence disrupts the chemical plumes and decreases encounter rates (Visser & Jackson 2004) . Combining these positive and negative effects, the response of copepod feeding to turbulence may be expected to be domeshaped. In order to optimize their feeding success, copepods should locate themselves in depth strata with high food concentrations while at the same time avoiding layers where high turbulence levels interfere with their ability to detect and capture prey. The critical level of turbulence is probably species dependent. Earlier studies have found dissipation rates above 10 -6 m 2 s -3 to be critical for feeding of several ambush and suspension feeding calanoid copepods , Visser & Stips 2002 , Saiz et al. 2003 , while it has been suggested that the cyclopoids Oithona spp. are even more sensitive to turbulence (Saiz et al. 2003) . The critical turbulence level for cruising copepods using chemical detection of plumes behind sinking marine snow aggregates (Microsetella spp., Oncaea spp.) has not been investigated. The aim of the present study is to analyze the vertical distribution of copepods, in particular the small cyclopoid Oithona similis and the small harpacticoid Microsetella norwegica, observed in the Skagerrak during 2 periods (spring 1999 and summer 2000) (Maar et al. 2002 (Maar et al. , 2004 and in the North Sea (autumn 1998) ) in relation to different physiochemical factors. Very few studies have addressed the vertical distribution of these small non-calanoid copepod species (Lagadeuc et al. 1997 , Andersen & Nielsen 2002 and their role in the pelagic food web (Nielsen & Sabatini 1996 , Green & Dagg 1997 ) even though they are highly abundant in most areas (Turner 2004) . We hypothesize that the influence of turbulence on their vertical distribution in the water column should vary according to their feeding strategies. We place special emphasis on ambush feeding (O. similis) and remote chemical plume detection (M. norwegica) . With respect to these 2 remote detection modes, we consider theoretical relationships between clearance rate and turbulence with a view to determine mechanisms by which depth-dependent turbulence affects the success of these feeding strategies throughout the water column.
MATERIALS AND METHODS
Study areas. Sampling was conducted aboard RV 'Dana' (Danish Institute for Fisheries Research) in the Skagerrak and the northern North Sea. The Skagerrak was visited over 2 periods: a spring period (20 to 27 March 1999) and a summer period: (25 August to 3 September 2000). These 2 cruises visited the same 6 stations across the Skagerrak (Fig. 1) . In the present study, we only use data from those stations where the same surface-and bottom-water masses were present during the sampling period, namely Stn H during spring and the transect stations (T1, T2, T3 and T4) during summer. Stn H was sampled intensively for 48 h and the transect stations were all sampled over 5 d. Water column depth was 200 to 300 m at Stns K and H, and 400 to 600 m at the transect stations. The anchor station in the North Sea (1°0' E, 59°20' N) was visited in the period between 16 and 25 October 1998. The station was located away from strong currents and water column depth was 120 m. . From the measurements from these instruments, the dissipation rate of turbulent kinetic energy ε was computed (Stips 2005 ) over depth intervals of 0.5 m length and then averaged into 5 m intervals. Deployments of the profiler were made every 2 to 3 h on all cruises except for a period of ca. 24 h on 17 to 18 October in the North Sea due to rough sea conditions. Because of significant turbulence generation close to the ship, particularly in rough weather, data were considered reliable only below 10 m in the Skagerrak and 15 m in the North Sea.
Chlorophyll and protozooplankton. Chlorophyll a and phaeopigment concentrations were estimated for calibration of the in situ fluorometer for each cruise. Water samples were collected at 4 depths using 5 l Niskin bottles mounted on a rosette sampler. Seawater (2 to 4 l) was filtered onto GF/F filters and extracted in 5 ml 90% acetone for 24 h in the dark. Measurements were conducted before and after acidification on a spectrophotometer following the protocol description by Lorenzen (Strickland & Parsons 1972) . Chlorophyll a could then be estimated from the fluorescence profiles by linear calibration equations (Skagerrak 1999: n = 24, r 2 = 0.82, p < 0.01; Skagerrak 2000: n = 36, r 2 = 0.76, p < 0.01; North Sea: n = 36, r 2 = 0.12, p < 0.05). Protozooplankton are a potential food source for small copepods and water samples were taken to estimate their abundance at different depths. In the Skagerrak, samples were collected at the surface (5 m), the depth of the fluorescence maximum, and at 40 m below the pycnocline. In the North Sea, samples were taken from the mixed surface layer above the pycnocline (17 m) and within the pycnocline (40 to 50 m). The samples were fixed in 2% Lugol's solution and settled in 10 or 50 ml chambers for 24 h and counted and identified under an inverted microscope. Only protozooplankton <100 μm (excluding large dinoflagellates) were considered as prey available for the small copepods.
Mesozooplankton abundance and vertical distribution. Skagerrak: Mesozooplankton were collected within 5 depth strata (0-10, 10-25, 25-40, 40-60 and 60-100 m) using a submersible pump (3000 l min -1 ) equipped with a 45 μm net on both cruises. The pump was moved upwards at a rate of 10 m min -1 within each depth stratum. During spring, Stn H was sampled every 6 h over a 48 h period, starting at 06:00 h. During summer, Stns T1 and T2 were sampled once during night-time, Stn T2 was also sampled twice during daytime, while Stn T4 and T3 were sampled once during day-time. North Sea: Mesozooplankton were collected at depths of 5, 10, 20, 30, 40, 50, 60 and 80 m, using a submersible pump (200 l min -1 ) equipped with a 40 μm net. The pump was kept at the same depth position for 3 to 5 min while sampling. Samples were collected every 6 h, weather permitting. After 23 October, sampling was only conducted in the 40 to 50 m layer due to technical problems and these data were omitted from further analysis. The pump samples from all cruises were immediately fixed in a buffered formalinseawater solution (2 to 4% vol/vol). In the laboratory, mesozooplankton abundance was counted by species, stages and sex in subsamples. In each sample, at least 100 individuals -or the entire sample -of the most abundant species were enumerated. It was not possible to distinguish between the different stages of Microsetella norwegica.
In order to study the vertical distributions of copepods with respect to different physiochemical factors, the depth of centre of mass z c of the vertical distribution was calculated (e.g. Fortier & Leggett 1982 , Lagadeuc et al. 1997 . In each case, the centre of mass is the numerical estimate of (1) where C(z) is the measured concentration at depth z and H is total sampling depth. However, because the samples were collected in different manners (i.e. vertically integrated in the Skagerrak, compared to point samples in the North Sea) the estimates are also somewhat different. For Skagerrak data, (2) where C* n,n +1 is the average concentration in the depth layer between z n and z n +1 . On the other hand, for the North Sea data, (3) where C n is the concentration at z n .
The z c 's were divided into day and night observations in the North Sea. In the Skagerrak, there was no significant diel vertical migration (see 'Results') and the day and night data were pooled to obtain enough replicates for further analysis. The effect of surface turbulence on z c was examined by a regression model:
where ε 2 is the average surface dissipation rate. Surface dissipation rate was estimated for the upper 10 to 20 m in the Skagerrak and 15 to 25 m in the North Sea. Thus, an increase in z c with increasing ε -would indicate a deepening of the copepod distribution in response to high surface turbulence. In order to distinguish whether this redistribution is due to passive turbulent mixing or active migration, we examine the relationship between surface turbulence and the coefficient of variance, cv (= standard deviation (SD)/mean) (e.g. Maar et al. 2003) for the vertical distribution. If the increase in z c with increasing turbulence is due to passive mixing, we would expect cv to decrease, indicating a more homogenized distribution. On the other hand, an increase in cv with increasing turbulence would indicate active aggregation in response to surface turbulence.
Statistical analysis. For testing the difference between means, 1-way ANOVAs were applied with a type I error of 5% after checking for homogeneity in variance by Levene's test. Simple regression analyses were conducted using a type I error of 5% and the number of replicates n and the r 2 are indicated in the text. All statistical tests were conducted using Statistical Package of Social Science (SPSS, version 11.5) for Windows.
RESULTS

Environmental conditions
Skagerrak, spring. Weather conditions were cloudy, snowy and calm. The average surface dissipation rates in the upper 20 m were accordingly relatively low,
, with no apparent diel or tidal signal (Fig. 2a) . Salinity in the uppermost 10 to 15 m was low due to outflowing Baltic Sea waters, and a halocline was located in the depth range 5 to 12 m (Fig. 3) . Surface temperatures were low (< 5°C) increasing gradually towards the bottom. Maximum chlorophyll a concentrations were found in association with the pycnocline and varied between 10 and 25 μg l -1 (Fig. 3) .
Skagerrak, summer. The sampling period was in general calm and the average surface dissipation rates (10 to 20 m) were below 5 × 10 -6 m 2 s -3 (Fig. 2b) . The halocline was located slightly deeper than during spring (Fig. 4) . The warming of the surface layer during summer enhanced the stable density stratification and, consequently, a strong pycnocline was found in the depth range 8 to 15 m. There was no nocturnal convection because of cloud cover and relatively warm air temperature, resulting in negligible surface heat fluxes. Several deep chlorophyll a maxima (3 to 4 μg l -1
) were recorded during summer in association with the pycnocline except for 2 occasions where a cold water patch located below the pycnocline caused elevated chlorophyll a concentrations (17 μg l -1 ). North Sea. The sampling period was influenced by frequent and strong wind events separated by short periods of calm weather. The average surface dissipation rates varied accordingly from 10 -7 to 10 -4 m 2 s wind stress with no statistically significant day-night variation (df = 21, p = 0.89). The water column remained stratified with a strong pycnocline located at 40 to 60 m (Fig. 5) , the depth of which varied little over the observation period. There was no significant relationship between surface turbulence and the depth of the mixed layer (n = 23, r 2 < 0.001, p = 0.90). Chlorophyll a concentrations were slightly higher above the pycnocline (0.5 to 0.8 μg l 
Potential food sources
Potential food sources for Oithona similis and Microsetella norwegica other than those associated with chlorophyll a are protozooplankton, copepod nauplii, marine snow aggregates including discarded appendicularian houses and copepod faecal pellets. The abundance of protozooplankton (<100 μm) was highest in the pycnocline in the Skagerrak and highest in the surface layer in the North Sea (Table 1) . Cope- pod nauplii were present at the surface-pycnocline layers in the Skagerrak and were absent during autumn in the North Sea. The appendicularian Oikopleura dioica was found during summer in the Skagerrak with the highest abundance and hence production of mucus houses in the surface layer. The average depth of centre of mass of the calanoid copepods (CIII to CVI) was located between 7 and 22 m in the Skagerrak and between 22 and 38 m in the North Sea ( Table 2 ). The calanoids, and hence their faecal pellet production, were found at similar depths as O. similis, and always located above M. norwegica.
Vertical distribution of Oithona similis and Microsetella norwegica
Oithona similis numerically dominated the copepod community during all cruises and Microsetella norwegica were also highly abundant in the Skagerrak. There was no significant diel vertical migration of O. similis females and copepodites in the Skagerrak (df = 14, p > 0.26) and in the North Sea (df = 19, p > 0.32) tested as the difference in z c between day and night time ( the Skagerrak, and between 18 and 36 m in the North Sea (Fig. 7) . The z c of females was located just below the pycnocline during both cruises in the Skagerrak (Figs. 3 & 4) and in the surface layer well above the pycnocline in the North Sea (Fig. 5) . The vertical distribution of Microsetella norwegica showed no significant day-night differences in the Skagerrak (df = 14, p > 0.13) and the North Sea (df = 19, p > 0.67) (Fig. 6, Table 2 ). The z c varied between 15 and 34 m in the Skagerrak (Fig. 7) i.e. just below the pycnocline (Figs. 3 & 4) . In the North Sea, z c varied between 32 and 66 m, which coincided with the pycnocline layer (Fig. 5) .
We could find no consistent significant relationship between z c of either Microsetella norwegica or Oithona similis in either of the Skagerrak or North Sea data sets with respect to either surface salinity, temperature or chlorophyll a measurements (Table 3 ). The only exception was for M. norwegica in the North Sea for surface temperature. For the Skagerrak data, day-time profiles of O. similis (Fig. 6) show similar abundances within the low salinity surface waters (0 to 10 m) compared to abundances below the halocline (10 to 25 m). Indeed, O. similis copepodites seem to prefer the low salinity surface layer and we can conclude that salinity was not a barrier. Further, the salinity of this surface layer (29 to 32 psu) is well within the range of tolerance for these species (Andersen & Nielsen 2002 ).
Turbulence and vertical distributions
The dissipation rates at the z c of Oithona similis females were < 3 × 10 6 m 2 s -3 (Fig. 8 , Table 4 ). There was a significant increase in z c of females and some copepodite stages with increasing surface dissipation rates, ε 2, during summer in the Skagerrak (day and night samples) and in the North Sea during night-time (Table 5 , Fig. 9 ). For North Sea day-time distributions, there was no significant relationship between z c and ε 2 for any O. similis stages (Table 5 ). There was also no significant relationship between z c and ε 2 in the Skagerrak during spring, when which ε 2 was relatively low, not exceeding 10 7 m 2 s -3
. For the North Sea data where it was possible to separate day and night samples, the coefficient of variance, cv, for O. similis showed a non-significant increase with increasing surface turbulence (day: n = 11, r 2 = 0.004, p > 0.80, night: n = 9, r 2 = 0.001, p > 0.90). The z c of Microsetella norwegica was located at depths with a dissipation rate of < 3 × 10 7 m 2 s -3 (Fig. 10 , Table 4 ). There was a significant increase in z c with increasing ε 2 in the Skagerrak during summer and in the North Sea during day-time (Table 5, Fig. 11 , or in the North Sea during nighttime. For the North Sea data, the coefficient of variance for M. norwegica showed a marginally significant increase with increasing surface turbulence during day-time (n = 11, r 2 = 0.14, p = 0.20) and a negligible correlation at night (n = 9, r 2 < 0.001, p = 0.90).
The key calanoid copepods were Calanus spp., Centropages typicus, Paracalanus parvus and Pseudocalanus spp. The z c of Calanus spp. stage CIV to CV increased with increasing ε 2 in the North Sea during night-time (r 2 = 0.67, p < 0.01). We found no other correlations between z c and ε 2 of the other calanoid species tested for stages CIII, CIV, CV and adults.
DISCUSSION
Vertical distributions
Even though the small copepods Oithona similis and Microsetella norwegica are widely distributed and often numerically dominate the copepod community, factors affecting their vertical distribution and the role they play in carbon cycling are not yet fully understood (Turner 2004) . In the present study, the z c of O. similis was found in association with the shallow pycnocline in the Skagerrak and at the surface layer in the North Sea. Here this species could exploit the observed high abundance of microzooplankton or sinking faecal pellets produced by calanoid copepods (González & Smetacek 1994 , Nielsen & Sabatini 1996 . The harpacticoid copepod M. norwegica has been observed in association with marine snow aggregates in natural waters (Alldredge 1972 , Green & Dagg 1997 18.3 ± 11.8 13.5 ± 9.8 36.8 ± 5.6 38.3 ± 3.8
Centropages typicus
6.7 ± 2.4 10.8 ± 9.6 21.8 ± 5.6 27.8 ± 6.5
Paracalanus parvus
15.2 ± 7.2 21.7 ± 10.1 25.7 ± 5.1 31.9 ± 4.1 Pseudocalanus spp.
12.0 ± 3.5 13.9 ± 7.3 25.0 ± 6.1 31.5 ± 3.3 Table 2 . Average ± SD depth (m) of centre of mass of Oithona similis (CI to CVI), Microsetella norwegica and the most abundant calanoid copepods (CIII to CVI) in the Skagerrak (spring + summer) and the North Sea they feed inefficiently on suspended food (Koski et al. 2005) . The z c of M. norwegica was found within or just below the pycnocline, where there may be an accumulation of aggregates due to the density gradient (Alldredge et al. 2002) . Thus, both species occupied water column layers with suitable food.
Both Oithona similis and Microsetella norwegica appear to actively migrate downwards in the water column to avoid high turbulence levels in the surface. This was seen at 2 different geographical locations, and at 2 different times of year. While this observed behaviour could be in response to other physiochemical water col- ) of (a,d,g) Oithona similis females and (b,e,f) copepodites (CI to CV) and (c,f,i) Microsetella norwegica during day and night time during: (a,b,c) spring (n = 5, 4) and (d,e,f) summer (n = 4, 2) in the Skagerrak, and (g,h,i) in the North Sea (n = 11, 9) umn variables (e.g. temperature, salinity or chlorophyll a), the turbulence-avoidance hypothesis appears to present the most consistent results. Similar turbulence avoidance behaviour has previously been reported for a variety of copepod species such as Temora longicornis and Pseudocalanus sp. (Lagadeuc et al. 1997) , for copepodite stages of Temora spp., Oithona spp., Pseudocalanus spp. and Calanus finmarchicus (Incze et al. 2001) , and for early copepodite stages of calanoid copepods (Reiss et al. 2002) . For our North Sea data at least, this is an active behavioural response rather than a passive effect (e.g. due to turbulent vertical mixing), as it only appears at certain times during the day-night cycle. That is, if the observed vertical variation in centre of mass were due to a passive response to turbulence, it should appear at all times. In addition, the coefficient of variance for the vertical distributions either increased or remained the same with increasing surface turbulence, further supporting the conclusion that the change in centre of mass was not due to turbulent mixing. Both O. similis and M. norwegica with typical swimming speeds of 1 mm s -1 (Svensen & Kiørboe 2000 , Koski et al. 2005 should also be able to overcome the turbulent mixing at ε < 10 -6 m 2 s -3 (Haury et al. 1990 , Yamazaki & Squires 1996 , Lagadeuc et al. 1997 corresponding to the maximum level of ε measured at z c (Table 4) . We acknowledge that factors other than turbulence such as predators, food quality, light regime etc. may influence our results. However, the driving factors shaping the vertical distributions of copepods are often difficult to determine, as seen in for example diel vertical migration studies (Irigoien et al. 2004 ). The question is what benefit these organisms derived from this response to turbulence.
Ambush predator and hydromechanical signals
Oithona similis are strictly ambush feeders using hydromechanical detection of prey (Svensen & Kiørboe 2000 , Saiz et al. 2003 surroundings for motile prey, which they attack when located. Theoretical considerations (Rothschild & Osborn 1988) suggest that the encounter rate, Z, of ambush predators and their motile prey (swimming speed u, concentration C) increases with turbulence for a given detection distance R. This can be summarized in the equation (Evans 1989 ):
where w = α (εR) 1/3 is the turbulent velocity at the detection distance scale, ε is the turbulent dissipation rate and α is a constant of order 1 (Visser & MacKenzie 1998) . The implication here is that at prey concentrations less than saturation, ingestion rates would increase with turbulent intensity. This prediction is in stark contrast to observations which tend to show a dome shaped or even negative relationship of ingestion (or clearance) with turbulence , Caparroy et al. 1998 , Saiz et al. 2003 . In order to resolve this, it should be noted that turbulence can impair the detection ability of ambush predators that rely on hydromechanical signals to detect moving prey. Assuming that the signal-to-noise ratio must exceed κ, the reaction distance can be written as a function of turbulence: (6) (Visser 2001) where s is the inherent sensitivity of the predator (i.e. the threshold velocity it can detect), w* is Total range 32.2-34.9 4.5-11.2 26.6-27.2 0.1-5.8 7 × 10 -9 -3 × 10 Total range 33.9-35.2 4.5-11.2 26.6-27.5 0.0-5.0 7 × 10 -9 -3 × 10 -7 Table 4 . Ranges in salinity (psu), temperature (°C), density (sigma-t), chlorophyll a (μg l ) as a function of turbulent dissipation rate, for a copepod with antenna length scale 500 μm (e.g. Oithona spp.) detecting a 100 μm ciliate swimming at speed 400 μm s -1 . The clearance is calculated for 3 different sensitivities (20, 40 and 100 μm s -1 ) corresponding to observed neurological sensitivity (Yen et al. 1992 ) and deduced behavioural sensitivity (Kiørboe & Visser 1999) for copepods. The calculated clearance decreases with increasing turbulence and any advantage of high sensitivity is rapidly lost as turbulence increases. These results reflect negative effects of turbulence on clearance rates in ambush predators as found in laboratory studies , Caparroy et al. 1998 , Saiz et al. 2003 and are consistent with the observed range in clearance rates by Oithona davisae of 2 to 12 ml d -1 for ε~ 10 -8 to 10
-5 m 2 s -3 (Saiz et al. 2003 ). We suggest a threshold of surface turbulence equal to ε~ 10 -7 -10 -6 m 2 s -3
, where turbulence is critical for feeding as seen from the model results (Fig. 12) . According to our observations (Figs. 8 & 9) , surface turbulence at or above this threshold level appears to trigger an avoidance response in Oithona similis. Below this threshold (e.g. Skagerrak, spring 1999), O. similis were widely distributed in the surface layer irrespective of the turbulence level. In comparison, the ambush feeder Centropages typicus was unaffected by turbulence despite its similar distribution in the North Sea (Table 2 ). This supports the idea that Oithona spp. are more sensitive to turbulence than calanoid ambush feeders (Saiz et al. 2003) .
The reason for this is likely to be that Oithona spp. are confined to ambush feeding, while the calanoid copepodites can shift between ambush and suspension feeding modes according to the current food and turbulence conditions (Saiz et al. 2003) .
Cruising with plume detection
Sinking detrital material, such as faecal pellets, marine snow and discarded appendicularian houses, leaves a trail of organic solutes that chemosensory copepods can track to (Kiørboe & Thygesen 2001) . We here assume that Microsetella norwegica use remote chemical detection since theoretical computations suggest that this encounter mechanism is the only means by which sufficient encounters can be achieved to account for the reported high clearance of aggregates (Kiørboe 2000 , Kiørboe & Thygesen 2001 , Koski et al. 2005 . The parameters of the trailing plume that are relevant for the copepod encounter process are the plume length and its cross sectional area projected on to the vertical plane (Jackson & Kiørboe 2003) . Both of these may be expected to vary considerably with turbulence as the plume becomes stretched and disrupted (Visser & Jackson 2004) . In what follows, we use the empirical formulae reported by Visser & Jackson (2004) to calculate the relevant plume parameters as a function of turbulent dissipation rate. Throughout we assume a particle radius of 0.2 cm, a leakage rate of 9 × 10 -14 mol s -1
, and a detection threshold of 3 × 10 -8 μM (Jackson & Kiørboe 2003) .
The cross sectional area σ of a chemical plume behind a sinking appendicularian house decreases with increasing turbulence (Fig. 13) . For an Oikopleura dioica house sinking at around 10 m d -1 (Tagushi 1982 , Maar et al. 2004 , the cross section of the plume is 10 times greater at relatively low turbulence (ε = 10 ). This is consistent with our study, where Microsetella norwegica seemed to avoid turbulent (Fig. 11) . The rate at which copepods encounter discarded houses constrains the rate at which the animals can consume the houses. A copepod swimming horizontally at a speed v has an encounter kernel, i.e. clearance rate, given by: (Jackson & Kiørboe 2003) where b is the length of the copepod's antenna and l is the detectable length of the plume. For copepods associated with marine snow aggregates, a representative cruising speed is v = 0.1 cm s -1 and a representative antenna length is b = 100 μm (e.g. Microsetella spp., Oncaea spp.). Using these parameters, the clearance rate β varies from 25 l d -1 in perfectly still water, to about 3 l d -1 at turbulence levels (ε > 10 -6 m 3 s -2
) that are associated with the surface mixed layer during strong wind events (Fig. 14) . In comparison, clearance calculations based on observed abundances of harpacticoid copepods feeding on aggregates give 8 l d -1 for a 2 mm aggregate (Kiørboe 2000) , corresponding to the theoretical clearance of β = 12 l d -1 at reduced levels of turbulence ε = 10 -8 m 3 s 2 as found for instance in surface layers and the thermocline during low wind speeds. We suggest that the turbulence threshold for triggering an avoidance response of M. norwegica was ε~10 7 m 2 s -3 based on the modelled encounter rates (Fig. 14) and observations of avoidance responses and dissipation rates at z c (Figs. 5, 10 & 11) . ) as a function of turbulent dissipation rate (Eq. 7). The horizontal dotted line indicates clearance rate in perfectly still water, while the vertical dashed line indicates the suggested turbulence threshold for triggering an avoidance response
In the Skagerrak during summer, discarded appendicularian houses were a possible food source for Microsetella norwegica. Appendicularians are confined to the warm surface layer and their discarded mucus houses are colonised and eaten by a variety of marine organisms including copepods (e.g. Microsetella, Oncaea, Oithona), ciliates, nematodes and bacteria while sinking through the water column. The rate at which discarded houses are colonised and degraded by copepods is dependent on turbulence. The total encounter is 60 houses ind.
- ), when using the encounter kernel of 12 l d -1 and a mean (± SD) concentration of discarded houses of 5 ± 5 × 10 3 m -3 during summer in the Skagerrak (M. Maar unpubl. data). However, the average attachment probability was 0.2 ± 0.2 for the harpacticoid Amonardia normanni (Koski et al. 2005) and this reduces the encounter followed by attachment (colonization rate) to 12 houses ind.
-1 d -1
. At strong turbulence levels (ε~ 10 -6 m 2 s -3
), the colonization rate is somewhat lower at 4 houses ind.
. The residence time of copepods on aggregates varies from 20 min to several hours (Alldredge 1972 , Koski et al. 2005 ). If we assume a residence time of 1 h and a carbon intake of 1.0 μg C ind.
-1 d -1 at food saturation (Koski et al. 2005) , the ingestion was 0.042 μg C ind -1 during the colonization time on each house. This corresponds to 3% of the house carbon assuming 1.5 μg C house -1 (Maar et al. 2004 ). The degradation of houses can then be calculated from the colonization rate, the abundance of M. norwegica and the proportion of houses consumed during colonization. For an average concentration of 5000 M. norwegica m -3 in the 0-25 m layer during summer in the Skagerrak (Fig. 6) , the degradation is 10% d -1 at strong surface turbulence and 34% d -1 at intermediate turbulence. Thus, in its first day after being discarded, the appendicularian house is largely untouched by copepodites; however, after its first day, the house will have sunk about 10 m and come into a region where the degradation due to copepod feeding is 3 to 4 times greater. Thus, it can be supposed that the degradation of appendicularian houses that is mediated by copepodites is largely completed in the 10-30 m layer within 3 d, in agreement with an earlier estimate on the degradation of aggregates based on compiled literature observations (Kiør-boe 2000) .
CONCLUSIONS
The present study illustrates the importance of considering behavioural aspects as well as environmental factors in interpreting observed vertical distribution of copepods. This is particularly important in the case of small, but very abundant, understudied copepod genera such as Oithona spp. and Microsetella spp. (Turner 2004) . The combination of low turbulence and high food concentrations (microzooplankton, aggregates) below the turbulent surface layer can benefit copepods using hydromechanical or chemodetection feeding strategies. Vertical migration in response to adverse turbulent conditions is likely to be an important behaviour in optimizing the feeding success of these copepods.
